Studies of new properties and applications of G-quadruplex DNA by NG TAO TAO MAGDELINE
 
 
STUDIES OF NEW PROPERTIES 





NG TAO TAO MAGDELINE 





A THESIS SUBMITTED 
 
FOR THE DEGREE OF THE MASTER OF SCIENCE 
 
DEPARTMENT OF CHEMISTRY 
 






I would like to express my sincere appreciation to my supervisor, Associate Professor 
Tan Choon Hong for his invaluable guidance and encouragement throughout my graduate 
studies. Particularly, his ever optimistic outlook regardless of the various problems I 
present him.  
 
In addition, a special appreciation to Associate Professor Li Tianhu, for his invaluable 
guidance, unwavering support, inspiration and encouragement throughout this course of 
study. He performed the roles of an extraordinary professor, a caring mentor and a true 
friend indeed. The wealth of knowledge I have attained thus far is a testimony of his 
passion and ability to nurture students under his wing. 
 
Working as a team with my fellow laboratory mates had been a joyful and fulfilling 
experience. I would like to thank all that have shared this friendship and wonderful time 
together. 
 
I would also like to express my heartfelt gratitude to my family for their sacrificial love 
and steadfast support throughout my education. 
 
Last but not least, my utmost thanks to the National University of Singapore for the 




TABLE OF CONTENTS 
 
Acknowledgements         i 
Table of Contents         ii 
Summary          vii 
List of Tables          viii 
List of Figures          ix 
List of Publications         xiii 
 
Chapter 1 Introduction        1 
1.1 Basic information of DNA     1 
1.2 Basic information of G-quadruplex    2 
1.2.1 Discovery of G-quadruplex    2 
1.2.2 Various structural polymorphism of G-quadruplex 2 
1.2.2.1 Strand stoichiometry variation  2 
1.2.2.2 Strand polarity configurations  3 
1.2.2.3 Connecting loops    4 
1.2.3 Possible roles of G-quadruplex in-vivo  5 
1.3 References       7 
 
Chapter 2 Discovery of site specific self-cleavage of certain   9  
artificially designed and non-biologically relevant  
assemblies of G-quadruplex 
iii 
 
  2.1 Introduction       9 
  2.2 Results and Discussion     11 
2.2.1 Confirmation of the occurrence of the  11  
self-cleavage reaction in a site specific feature  
and hydrolytic pathway 
2.2.2 Verification of G-quadruplex nature of our  18  
deoxyribozymes for the self-cleaving activity 
2.3 Effect of certain factors on the G-quadruplex based  21  
self-cleavage reaction 
2.3.1 Alkali metal ion dependence on the formation 21 
 of G-quadruplex structure 
2.3.2 Effect of potassium ion concentrations on the  22 
self-cleavage reaction  
2.3.3 Effect of temperature dependence on the   25 
self-cleavage reaction 
2.3.4 Effect of pH dependence on cleavage reactions 26 
  2.4 Proposed mechanism       27 
  2.5 Conclusion       28 
  2.6 References       29 
 
Chapter 3  Discovery of site specific self-cleavage of G-quadruplexes  31 
formed by human telemetric repeats 
3.1 Introduction       31 
iv 
 
  3.2 Results and Discussion     33 
3.2.1 Confirmation of the occurrence of the   33 
self-cleavage reaction in a site specific feature  
and hydrolytic pathway 
3.2.2 Verification of G-quadruplex nature of our   35 
deoxyribozymes for the self-cleaving activity 
3.2.3 Effect of certain factors on the G-quadruplex  39 
based self-cleavage reaction 
3.2.3.1 Alkali metal ion concentration  39 
dependence on the formation of  
G-quadruplex structure 
3.2.3.2 Effect of temperature dependence on 40  
the self-cleavage reaction 
3.2.3.3 Effect of magnesium ion and histidine  40 
on the cleavage reaction 
    3.2.3.4 Effect of loop lengths    42 
   3.2.4 Proposed mechanism      44 
  3.3 Conclusion       44 
  3.4 References       45 
 
Chapter 4 Discovery of site specific self-cleavage of G-quadruplexes  47 
formed by yeast telemetric repeats 
4.1 Introduction       47 
v 
 
  4.2 Results and Discussion     48 
4.2.1 Confirmation of the occurrence of the   48 
self-cleavage reaction in a site specific feature  
and hydrolytic pathway 
4.2.2 Verification of G-quadruplex nature of our   50 
deoxyribozymes for the self-cleaving activity 
4.2.3 Effect of certain factors on the G-quadruplex  53 
based self-cleavage reaction 
4.2.3.1 Alkali metal ion concentration   53 
dependence on the formation of  
G-quadruplex structure 
4.2.3.2 Effect of temperature dependence on  54 
the self-cleavage reaction 
4.2.3.3 Effect of time dependence on the   55 
self-cleavage reaction 
   4.2.4 Proposed mechanism      56 
  4.3 Conclusion       57 
  4.4 References       57 
 
Chapter 5 Materials and methods      59 
5.1 Materials       59 
5.1.1  Oligodeoxyribonucleotides    59 
5.1.2 Enzymes, chemicals and equipments   60 
vi 
 
5.1.3 Buffers and solutions     60 
5.2 Methods       60 
   5.2.1 Radioactive labeling DNA at the 5'-end with 32P 61 
5.2.2 Polyacrylamide gel electrophoresis (PAGE)  61 
5.2.3 NAP gel filtration     62 
5.2.4 Autoradiography     63 
5.2.5 Methylene blue staining    63 
5.2.6 Self-cleavage assays of deoxyribozymes  64 
5.2.7 pH dependency of the self-cleavage reaction  64 
5.2.8 Alkali-ion dependency of the self-cleavage  65 
reaction  
5.2.9 Magnesium dependence of the self-cleavage  65 
reaction 
5.2.10 Hydrolysis of circular DNA with T7    65 
exdonucleases 
5.2.11 CD measurement     66 






With the aim of exploring new properties and applications of quadruplex DNA during 
this study, the discovery of site specific self-cleavage of (1) certain artificially designed 
and non-biologically relevant assemblies of G-quadruplex (2) G-quadruplexes formed by 
human telemetric repeats; and (3) G-quadruplexes formed by Oxytricha telemetric 
repeats were achieved. 
 
In Chapter 2, the design and synthesis of certain non-biologically relevant assemblies of 
G-quadruplex was accomplished, which was capable of performing self-cleaving actions 
in a site specific fashion. This designed deoxyribozyme is based on the formation of 
guanine quartets as its core structure, and geometry of the side loop within the tetraplex 
columnar structure. In addition, it was also observed that mutations within this structure 
may result in dramatic or even complete loss of catalytic function as these mutations 
affect the desired G-quadruplex conformation.  Certain factors that affect self-cleavage 
reactions of G-quadruplexes were explored, such as variation of metal ions, pH values, 
and temperature dependence. Therefore, with the  findings presented in this chapter, it 
inspired further exploration for new chemical and biological properties of G-quadruplex 
that have not yet been recognized, which in turn leads to the discovery of self-cleaving 
activity of biologically relevant G-quadruplex structure such as human and Oxytricha 
telomere  in Chapter 3 and 4.  
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1.1 Basic Information of DNA  
Deoxyribonucleic acid (DNA) is a type of biomacromolecule that contains genetic 
information used for the functioning of living organisms and certain viruses [1]. DNA is 
a long polymer built up on simple units called nucleotides, linked together through a 
backbone made of sugars and phosphate groups [1-3]. A single strand form of DNA is a 
long chain composed of different nucleotides. Each nucleotide in DNA consists of three 
parts: (1) a phosphate group, (2) a sugar called deoxyribose, and (3) one of four possible 
nitrogen-containing bases - Adenine (A), Thymine (T), Guanine (G) or Cytosine(C) as 
shown in Figure 1-1. Two strands of nucleotides twist about each other to form a double 
helix (Figure 1-2) [3], much like a ladder twisted lengthwise into a circular staircase 
shape. In a complete helix, A forms hydrogen bonds with T and G forms hydrogen bonds 
only with C. These A-T and G-C pairs are known as complementary base pairs. In this 
manner, the different bases fit together perfectly like a lock and key, which is termed 
“Watson-Crick base pairing” (Figure 1-2). 
 




Figure 1-2. Base Pairing in DNA Double Helix 
 
1.2 Basic information of G-Quadruplex  
1.2.1 Discovery of G-quadruplex 
Since early 19th century, guanosine and its derivatives could form viscous gels in water 
[4]. Until 1962, David R. Davies et. al. [5] proposed on the basis of X-ray diffraction data 
that four guanine bases form a planar structure through Hoogsteen hydrogen bonding 
interaction [4]. Subsequent NMR studies of these gels further suggested that cations such 
as Na+ and K+ could coordinate to the O6 atoms of each guanine base and strongly 
influence the specific type of structure adopted by the gels [6]. 
 
1.2.2 Various structural polymorphism of G-quadruplex 
1.2.2.1 Strand stoichiometry variation 
Strand stoichiometry variation allows G-quadruplexes to be formed by association of one 




Figure 1.3. Various Strand Stoichiometries of G-Quadruplex Structures. (A) A one-
stranded structure yields a unimolecular G-quadruplex. (B) Two strands render a 
bimolecular G-quadruplex. (C) Four separate strands produce a quadrimolecular G-
quadruplex. 
 
1.2.2.2 Strand polarity configurations 
Next, strand polarity configurations have been determined for various sequences. 
Structural variations depends on the different polarities arrangement of adjacent 
backbones.  Irrespective of whether they are part of the same molecule or not, the strand 
or strands that constitute a G-quadruplex can come together in four different ways [10]. 
They can be all parallel (Figure 1-4A), three parallel and one antiparallel (Figure 1-4B), 
adjacent parallel (Figure 1-4C), or alternating antiparallel (Figure 1-4D).  
 
 
Figure 1-4. Different Strand Polarity Arrangements of G-Quadruplexes. (A) All 
strands parallell. (B) Three parallell strands and one strand antiparallell. (C) Two pairs of 
adjacent parallell strands. (D) Alternating antiparallell strands. Arrows indicate 5’to 3’ 
polarity. 
1.2.2.3 Connecting loops 
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The loops that connect guanine tracts participating in the formation of unimolecular or 
bimolecular G-quadruplexes can run in a number of different ways. The two strands 
involved in bimolecular G-quadruplexes can have loops that connect guanine tracts either 
diagonally or edgewise. Diagonal loops are expected to protrude on opposite ends of the 
guanine tetrad core (Figure 1-5A) [11]. Although bimolecular G-quadruplexes with two 
diagonal loops on the same side are conceivable, their formation is highly unlikely due to 
both steric hindrance and electrostatic repulsion between the two negatively charged 
backbones. If instead the two loops connect guanine tracts edgewise, they can protrude 
either on the same or on opposite sides of the tetrad core. Loops protruding on the same 
side of the core can be either parallel (Figure 1-5B) or antiparallel (Figure 1-5C). When 
the two loops protrude on opposite sides of the core they can run in two different 




Figure 1-5. Strand Connectivity Alternatives for Bimolecular Guanine Tetrad 
Structures. (A) Diagonal loops protruding on either side of the guanine tetrad core. (B) 
Two parallel edgewise loops protruding on the same side. (C) Two antiparallel edgewise 
loops protruding on the same side. (D) Adjacent parallel strands with edgewise loops 
protruding on opposite sides. (E) Alternating antiparallel strands with edgewise loops 
protruding on opposite sides. 
 
For unimolecular G-quadruplexes the alternatives are probably fewer. In order to avoid 
the clash of two diagonal loops on the same side, as described for bimolecular G-
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quadruplexes above, the three loops can join either in the order adjacent-adjacent-
adjacent (Figure 1-5A) or adjacent- diagonal-adjacent (Figure 1-5B) [7]. On the other 
hand, there is at least one example of parallel strands connecting via loops running on the 
outside of the guanine tetrad core (Figure 1-5C) [7]. 
 
 
Figure 1-5. Strand Connectivity Alternatives for Unimolecular Guanine Tetrad 
Structures. (A) All three loops run edgewise and connect adjacent-adjacentadjacent. (B) 
One diagonal and two edgewise loops that connect adjacent-diagonal-adjacent. (C) An 
example of a loop that runs on the outside of the guanine tetrad core. 
 
1.2.3 Possible roles of G-quadruplex in-vivo 
Telomere sequences vary from species to species, but generally one strand is rich in G 
with fewer Cs. These G-rich sequences can form four-stranded structures (G-
quadruplexes), with sets of four bases held in plane and then stacked on top of each other 




Figure 1-6. Structures of Guanine Quartets 
 
A telomere is a region of repetitive DNA at the end of a chromosome, which protects the 
end of the chromosome from deterioration. Telomeres can be thought of as the aglet of a 
shoelace, which is the little plastic bit on the end to protect it from fraying, just as the 
telomere regions prevent DNA loss at chromosome ends [12].  
 
During cell division, enzymes that duplicate the chromosome and its DNA cannot 
continue their duplication all the way to the end of the chromosome. If cells divided 
without telomeres, they would lose the ends of their chromosomes, and the necessary 
information they contain. (In 1972, James Watson named this phenomenon the "end 
replication problem".) The telomeres are disposable buffers blocking the ends of the 
chromosomes and are consumed during cell division and replenished by an enzyme, the 





Figure 1-7. Telomere shortening during DNA replication. The degradation of the 
primer on the lagging strand and the action of a putative 5' to 3' exonuclease lead to 
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DISCOVERY OF SITE SPECIFIC SELF-CEAVAGE OF CERTAIN  




G-quadruplex is a structural organization of DNA composed of two or more stacks of G-
quartets in which four guanines are arranged in a square planar array [1–3]. This tetraplex 
assembly has received considerable attention in the past few years owing to its unique 
spatial arrangement as well as its great biological and nanotechnological significance [4–
6]. It has been suggested, for example, that a G-quadruplex structure could be present in 
the promoter region of c-myc, in the immunoglobulin switch region and at the ends of 
telomeres [7, 8]. In addition, a self-assembly of guanine-rich oligonucleotides could form 
rod-shaped cholesteric liquid crystals and act as the scaffold of artificial ion channels and 
as ion carriers [9]. Moreover, certain deoxyribozymes [10–13] and aptamers [14] are 
believed to rely on the formation of G-quadruplex for their biological actions. Herein we 
report that besides the physical and chemical properties as reported previously, certain 
assemblies of G-quadruplex can perform self-cleaving actions in a site specific fashion. 
 
A linear sequence which contains 5 stretches of two and four consecutive guanines was 
designed to form G-quadruplex with proper folding structure and strand connectivity 





Figure 2-1. Schematic representation of a self-cleavage process of Oligonucleotide 
4B1-T uncovered in this study. 
 
Figure 2-1 depicts a schematic diagram of a DNA self-cleavage process uncovered in this 
recent study. A guanine-rich 30-mer oligonucleotide (5’-
TGGGGTTAGGGGAAAAGGTTAGGGGTTAGG-3’) (4B1-T also known as 
Oligonucleotide 1, in Figure 2-1) was designed with the expectation that this 
oligonucleotide would form an externally looped G-quadruplex assembly (a in Figure 2-
1) under proper conditions. Our initial intention in designing such a guanine-rich 
oligonucleotide was to examine whether a transesterification reaction could be feasible 
between the hydroxyl group at its 3’ end and the phosphodiester bond between A16 and 
G17 since these functional groups are proximal to each other upon G-quadruplex 
formation. Instead of observing such a designed transesterification reaction, a self-
cleavage reaction of 4B1-T at one of the two phosphodiester bonds between A14 and A15 
was observed by chance (Figure 2-1). 
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2.2 Results and Discussion 
2.2.1 Confirmation of the occurrence of the self-cleavage reaction in a site specific 
feature and hydrolytic pathway 
4B1-T was accordingly phosphorylated at its 5’ end with [γ-32P] ATP in the presence of 
T4 polynucleotide kinase and further purified by polyarylamide gel electrophoresis and 
gel filtration chromatography in this study. In order to allow the formation of proper G-
quadruplex assemblies, this guanine-rich oligonucleotide was next incubated at 20 oC in 
the presence of 5 mM NaCl for 12 hours followed by addition of KCl (final concentration 
5 mM), which was then kept at the same temperature for additional 12 hours. The self-
cleavage reactions of 4B1-T were initiated next by adding MgCl2 to the mixture, which 
was further kept at 34 oC for a different period of time. The 5’-end labeled precursor and 
cleavage product were separated by electrophoresis on 20% polycarylamide / 7 M urea 
denaturing gels. The self-cleavage reactions of Oligonucleotide 1 were initiated next by 
adding a premixed solution of MgCl2 and histidine to the mixture, which was then kept at 
34 oC for different periods of time. As shown in Figure 2-2, a new fast moving band was 
observed when such a reaction was allowed to proceed for 2 h (Band 1 in Lane 3). The 
mobility shift of this new band is close to that of a molecular weight marker of 14-mer 
(5’ *p-TGGGGTTAGGGGAA 3’, Lane 5), which implied that a cleavage reaction took 
place between A14 and A15 of this guanine-rich sequence. In addition, the time 
dependence of these self-cleavage reactions was examined in our studies. As shown in 
Fig. 3, the yield of the self-cleavage reactions increased with increasing reaction time and 




                                  Lane     1        2       3        4        5       6 
 
Figure 2-2. Polyacrylamide gel electrophoretic analysis of self-cleavage of DNA 
visualized by autoradiography.  4B1-T was labeled with [γ-32P] ATP at its 5’ end in the 
presence of T4 polynucleotide kinase followed by purification via polyacrylamide gel 
electrophoresis (20%).  The slice of band containing 32P-labled 4B1-T was cut out from 
the polyacrylamide gel and kept at an elution buffer (5 mM HEPES, pH 7.0, 5 mM NaCl 
and 5 mM histidine) for 3 hour followed by purification with gel filtration 
chromatography (NAP-25, GE Healthcare) eluted with the same elution buffer.  The 
obtained 4B1-T (~20 nM) in 5 mM HEPES (pH 7.0), 5 mM NaCl and 5 mM histidine 
was then kept at 20 oC for 12 hr.  KCl was then added and the resultant solution was 
further adjusted to contain in 5 mM HEPES (pH 7.0), 5 mM NaCl, 5 mM KCl, 5 mM 
histidine and ~10 nM 4B1-T, which was further maintained at 20 oC for additional 12 hr. 
Self-cleavage reactions of 4B1-T was initiated next by mixing MgCl2 with other reaction 
components and the resultant mixture [5 mM HEPES (pH 7.0), 5 mM NaCl, 5 mM KCl, 
10 mM MgCl2, 5 mM L-histidine and ~5 nM 4B1-T] was further kept at 34 oC for 
different time periods.  The self-cleavage reaction products were analyzed via 20% 
polyacrylamide gel electrophoresis after the reactions were stopped by addition of 
loading buffers followed by placing the reaction mixtures on ice. Lane 1: 4B1-T alone; 
Lanes 2 to 3: self-cleavage reactions lasting for 0 and 2 h respectively; Lane 4: a 15-mer 
Oligonucleotide (*p-TGGGGTTAGGGGAAA) alone; Lane 5: a 14-mer (*p-
TGGGGTTAGGGGAA) alone; Lane 6: a 13-mer (*p-TGGGGTTAGGGGA) alone.  
 
If a DNA cleavage reaction indeed occurred in the middle of the sequence of 
Oligonucleotide 1 in our studies, a second fragment of 16-mer should in theory be 
generated at the same time. In order to visualize the two fragments of 14-mer and 16-mer 
(Fragment 1 and Fragment 2 shown in Figure 2-1) simultaneously, methylene blue 
staining experiments were conducted next. As shown in Figure 2-3, two fast moving 




which displayed the same mobility shifts as those of a 14-mer marker (Lane 6) and a 16-
mer marker (Lane 4) respectively. These electrophoretic analysis data are indications that 
a cleavage reaction indeed took place between A14 and A15 in the middle of the sequence 
of Oligonucleotide 1 as shown in Figure 2-1. 
 
        Lane       1       2      3       4       5       6      7 
 
Figure 2-3. Polyacrylamide gel electrophoretic analysis of self-cleavage of DNA 
visualized by methylene blue staining.  The same procedures as those for preparing 
samples loaded in Lane 3 in Figure 2-2 was used except that 5’ 32P-labeled 4B1-T was 
replaced with 5’ hydroxyl 4B1-T and methylene blue staining protocol was adopted for 
visualizing the DNA bands.  Lane 1: 4B1-T alone; Lane 2: self-cleavage reaction lasting 
for 2 hr. Lane 3: a 17-mer (5’ AAAGGTTAGGGGTTAGG 3’) alone; Lane 4: a 16-mer 
(5’ AAGGTTAGGGGTTAGG 3’) alone; Lane 5: a 15-mer (5’ TGGGGTTAGGGGAAA 
3’) alone; Lane 6: a 14-mer (5’ TGGGGTTAGGGGAA 3’) alone; Lane 7: a 13-mer (5’ 
TGGGGTTAGGGGA 3’) alone. 
 
Oligonucleotide 1 containing radiolabeled phosphorus (32P) between A14 and A15 (5’ 
TGGGGTTAGGGGAA-32p-AGGTTAGGGGTTAGG 3’), internally 32P-labeled 
Oligonucleotide 1) was next synthesized and examined during our investigations in order 
to determine which of the two fragments possesses the phosphate group. As shown in 
Figure 2-4, the only observable self-cleavage product from the internally 32P-labeled 
Oligonucleotide 1 is a 16-mer fragment (5’ *p-A15AGGTTAGGGGTTAGG30 3’) while 
Band 2 
  Band 1 
14 
 
not even a trace amount of 14-mer (5’ T1GGGGTTAGGGGAA14-*p 3’) is detectable, 
which is a sign that the phosphate group goes exclusively with the 16-mer fragment 
rather than with the 14-mer as illustrated in Figure 2-1. In addition, the oligonucleotide 
fragment in Band 1 in Lane 3 in Figure 2-4 was purified and further analyzed through 
hydrolysis by exonuclease I, an enzyme that digests single-stranded DNA in a 3’ to 5’ 
direction in a stepwise fashion. 
   Lane        1         2       3       4        5         6        7 
 
Figure 2-4. Polyacrylamide gel electrophoretic analysis of internally 32P-labeled 4B1-
T (5’ TGGGGTTAGGGGAA-32p-AAGGTTAGGGGTTAGG 3’) in its self-cleavage 
reactions.  A 16-mer oligonucleotide, 5’AAGGTTAGGGGTTAGG 3’, was labeled with 
[γ-32P] ATP at its 5’ end in the presence of T4 polynucleotide kinase.  The purified 5’ 
phosphorylated 16-mer was further ligated with a 14-mer, 5’ TGGGGTTAGGGGAA 3’, 
on the template of 5’ CCTAACCTTTTCCCCTAA 3’ in the presence of T4 DNA ligase.  
The produced internally 32P-labeled 4B1-T was further purified with polyacrylamide gel 
electrophoresis (20%) and gel filtration chromatography (NAP-25, GE Healthcare).   The 
same procedures as those for preparing samples loaded in Lane 3 in Figure 11 was further 
carried out except that 5’ 32P-labeled 4B1-T was replaced with the internally 32P-labeled 
4B1-T. Lane 1: internally 32P–labeled 4B1-T alone; Lane 2 to 3: self-cleavage reactions 
lasting for 0 and 2 hr; Lane 4: 17-mer (5’ *p-AAAGGTTAGGGGTTAGG 3’) alone; 
Lane 5: a 16-mer (5’ *p-AAGGTTAGGGGTTAGG 3’) alone; Lane 6: 15-mer (5’ *p-
AAGGTTAGGGGTTAGGG 3’) alone; Lane 7: 14-mer (5’ *p-TGGGGTTAGGGGTT 
3’).  
 
Since there are two phosphodiester bonds between A14 and A15, and in order to identify 




radiolabeled phosphorus (32P) between A14 and A15 (5’ TGGGGTTAGGGGAA-32p-
AAGGTTAGGGGTTAGG 3’, internally 32P-labeled 4B1-T) was next synthesized and 
examined to during our investigations to determine which of the two fragments possesses 
the phosphate group. As shown in Figure 2-4, the only observable self-cleavage product 
from the internally 32P-labeled 4B1-T is a 16-mer fragment (5’ *p-
A15AGGTTAGGGGTTAGG30 3’) while there is absence of a trace amount of 14-mer (5’ 
T1GGGGTTAGGGGAA14-*p 3’) detectable, which is the sign that the phosphate group 
goes exclusively along with the 16-mer fragment rather than with the 14-mer as 
illustrated in Figure 2-3. 
 
In addition, the oligonucleotide fragment in Band 1 in Lane 3 in Figure 2-4 was purified 
and further analyzed through hydrolysis by exonuclease I, an enzyme that digests single-
stranded DNA in a 3' to 5' direction in a stepwise fashion. As shown in Figure 2-5, the 
purified 32P-containing oligonucleotide fragment was completely degraded in the 
presence of the single strand-specific nuclease (Lane 3), which could be the indication 
that this oligonucleotide fragment (Fragment 2 in Figure 2-3) holds a linear structure in 
its backbone, rather than a circular molecule created during transesterification reaction. 
Based on the above observations, it can be suggested that the self-cleaving reaction of 
4B1-T take place at one of the phosphodiester bonds near the 3’-end of A14 in the middle 
of its sequence. Nevertheless, more direct evidence is needed to further verify this 
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Figure 2-5. Hydrolysis of Fragment 2 (see Figure 2-3 for its sequence information) 
generated in the self-cleavage reaction of 4B1-T by exonuclease I.  The oligonucleotide 
fragment in Band 1 in Lane 3 in Figure 5 was cut out, eluted and further purified using 
gel filtration chromatography (NAP-25, GE Healthcare). A mixture (40 µL) containing 1 
x exonuclease I buffer, the purified 32P-containing oligonucleotide fragment (Fragment 2) 
and 5 units of exonuclease I was incubated next at 37 C for 30 min. Lane 1: Fragment 2 
alone; Lane 2: a reaction mixture containing no exonuclease I and Lane 3: a reaction 
mixture containing 5 units of exonuclease I. 
 
To further confirm the constitution of the cleavage products, reaction products in Band 1 
and Band 2 in Lane 2 in Figure 2-3 were purified and further analyzed by Electrospray 
Mass spectroscopy. As shown in Figure 2-12, two major signals were detected for the 
cleavage products with the mass of 4423 Da and 5121 Da respectively, corresponding to 
the 5’-cleavage product with 3’-hydroxyl group and 3’-cleavage product with 5’-
phosphate on it (calculated mass= 4423 Da and 5121 Da )respectively. These MASS 
spectroscopic results indicated that a hydrolytic reaction took place at the phosphorus-
oxygen bond near the 3’-end of A14 of 4B1-T rather than at the phosphorous-oxygen bond 
near 5’-end of A15. From this mass spectrum, we can further confirm direct hydrolysis of 
phosphate esters has been achieved for the first time on our designed deoxyribozyme by 








Figure 2-6. Mass spectroscopic analysis of two fragments obtained from self-cleavage 
reactions of 4B1-T. (a) ESI spectrum of self-cleavage product that corresponds to Band 1 
in Lane 2 in Figure 2-5; and (b) ESI spectrum of self-cleavage product that corresponds 
to Band 2 in Lane 2 in Figure 2-5. The obtained molecular weights of these two products 
(4424.3 and 5121.8 dalton) match those of Fragment 1 (5’ TGGGGTTAGGGGAA 3’, 
calculated MW: 4423.9 dalton) and Fragment 2 (5’ p-GGTTAGGGGTTAGG 3’, 





2.2.2 Verification of G-quadruplex nature of our deoxyribozymes for the self-
cleaving activity 
With the aim of verifying that our designed deoxyribozymes really rely on the structural 
feature of G-quadruplex as the template to form active center for self-cleavage reaction, 
CD spectroscopic examinations were carried out on the corresponding precursor 
sequence (4B1-T). A mixture (pH 7.0) containing 5 mM HEPES, 5 mM NaCl, 5 mM KCl 
and 10 µM Oligonucleotide 1 was examined with a CD Spectropolarimeter at 34 oC 
(black) and 90 oC (red) respectively over an range of wavelengths from 220 nm to 330 
nm. From literature, a parallel G-quadruplex usually exhibits a maximum near 265 nm 
and a minimum near 240 nm, while an anti-parallel G-quadruplex is characterized by a 
maximum near 290 nm and a minimum near 260 nm, respectively (15, 16). As shown in 
Figure 2-6, our precursor oligodeoxyribonucleotide (4B1-T) displayed spectra 
characterized by a positive maximum at 293 nm and a negative minimum at 265 nm, 
which are the typical features for the formation of anti-parallel G-quadruplex from 
random conformations of oligodeoxyribonucleotides in the presence of K+. Figure 2-6 is 
an indication that the designed oligodeoxyribonucleotide is capable of forming anti-






Figure 2-7. CD spectroscopic measurement of linear oligodeoxyribonucleotides (4B1-
T) under reaction condition.   
 
In addition, two new guanine-rich oligonucleotides were further designed during our 
investigations and they contained the same sequences as that of 4B1-T except that one or 
two guanines were replaced with non-guanine nucleotides (4B2-T and 4B3-T in Table 2-
1).  These two new oligonucleotides are in theory unable to form ordinary structures of 
G-quadruplex due to the presence of “mismatched” guanine bases [17].  Experimentally, 
indeed neither of these two mismatched sequences displayed a detectable self-cleaving 
activity under our standard reaction condition (Lane 4 and Lane 6 in Figure 2-8). 
However, when alterations of the nucleotides in some loops located at the ends of the 
columnar structure of 4B1-T were made, the resultant oligonucleotides (4B4-T and 4B5-
T in Table 2-1) still exhibited self-cleaving activity (Lanes 8 and 10 in Figure 2-8). These 
observations could be indications that 4B1-T relies on the formation of G-quadruplex 


















      Reaction time (min)    0   120     0    120   0   120     0   120     0   120 
                              Lane     1     2       3      4     5      6      7      8      9     10 
                                        
Figure 2-8. Sequence dependence of the self-cleavage reaction of G-quadruplexes. 
The same procedures as those for preparing samples loaded in Lane 3 in Figure 2-4 were 
used except that 4B1-T was replaced with 4B2-T, 4B3-T, 4B4-T, 4B5-T, 4B6-T and 
4B7-T (see Table 2-1) respectively. Lane 1 and Lane 2: reactions of 4B1-T lasting for 0 
and 120 min respectively; Lane 3 and Lane 4: reactions of 4B2-T (5’ 
TGGCGTTAGAGGAAAAGGTTAGGGGTTAGG 3’)   lasting for 0 and 120 min 
respectively; Lane 5 and Lane 6: reactions of 4B3-T (5’ 
TGGCGTTAGAGGAAAAGGTTAGAGGTTAGG 3’) lasting for 0 and 120 min 
respectively; Lane 7 and Lane 8: reactions of 4B4-T (5’ 
TGGGGTTAGGGGAAAAGGTTTGGGGTTAGG  3’) lasting for 0 and 120 min 
respectively; Lane 9 and Lane 10: reactions of 4B5-T (5’ 




Table 2-1. Guanine-rich oligonucleotides that were examined for the self-cleavage 
reaction during this study. 
 
Nomenclature Sequence Length 
4B1-T 
(Oligonucleotide 1) 
5’-TGGGGTTAGGGGAAAAGGTTAGGGGTTAGG-3’ 30 mer 
4B2-T 5’ TGGCGTTAGAGGAAAAGGTTAGGGGTTAGG 3’ 30 mer 
4B3-T 5’ TGGCGTTAGAGGAAAAGGTTAGAGGTTAGG 3’ 30 mer 
4B4-T 5’ TGGGGTTAGGGGAAAAGGTTTGGGGTTAGG  3’ 30 mer 
4B5-T 5’ TGGGGTTAGGGGAAAAGGTTTTGGGGTTAGG 3’ 31 mer 
4B6-T 5’ TGGCGTTAGGGGAAAAAGGTTAGGGGTTAGG 3’   31 mer 
4B7-T 5’ TGGCGTTAGGGGAAAGGTTAGGGGTTAGG 3’ 29 mer 
Marker-17 5’ AAAGGTTAGGGGTTAGG 3’ 17 mer 
Marker-16 5’ AAGGTTAGGGGTTAGG 3’ 16 mer 
Marker-15 5’ TGGGGTTAGGGGAAA 3’ 15 mer 
Marker-14 5’ TGGGGTTAGGGGAA 3’ 14 mer 





2.3 Effect of certain factors on the G-quadruplex based self-cleavage reaction 
2.3.1 Alkali metal ion dependence on the formation of G-quadruplex structure 
Selective interaction with cations that fit well in the cavities formed by the stacking of 
guanine tetrads is a distinguishable characteristic of G-quadruplex from any other 
structural features of nucleic acids. In the alkali series, the order of ions preferred by G-
quartet is K+>>Na+>Rb+>Cs+>Li+ [18]. Self-cleavage assays with trace amounts of 5’-
radiolabeled precursor DNA (~10 nM) were performed at 23 oC in the presence of 5 mM 
NaCl for 12 hours followed by addition of different alkali-ion respectively (final 
concentration 5 mM), which was then kept at the same temperature for additional 12 
hours. The self-cleavage reactions of 4B1-T were initiated next by adding MgCl2 to the 
mixture. As shown in Figure 2-9, there was absence of cleavage product observable when 
lithium (lane 2), sodium (lane 3), rubidium (lane 4) and cesium ions (lane 5) were used to 
facilitate the formation of G-quadruplex structures of 4B1-T sequence instead of 
potassium ion in the cleavage reactions. This data indicated that these alkali ions might 
not be able to sustain a stable structure of G-quadruplex, unlike potassium ion does under 





                                    Lane        1          2           3           4            5             
                                               
Figure 2-9. Effect of alkali metal ions on the self-cleavage reaction. Lane 1, same as lane 
3 in Figure 2-2; lanes 2–5, reactions were carried out in the same way as the one loaded 
in lane 3 in Figure 2-4, except for replacing KCl with 5mM of LiCl (lane 2), NaCl (lane 
3), RbCl (lane 4) and CsCl (lane 5), respectively. 
 
2.3.2 Effect of potassium ion concentrations on the self-cleavage reaction  
Possession of cations by the structural feature of G-quartet as a part of its structure 
determines that the formation of G-quadruplex from its precursor of unstructured 
sequence is an ion-concentration dependent process. As shown in Figure 2-10, the 
cleavage product in >50% yield was obtained when potassium ion concentration was kept 
at 10 mM (lane 2), and the efficiency of the cleavage reactions decrease with the increase 
of potassium ion concentration (lanes 2–7). The cleavage product in less than 10% yield 
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Figure 2-10. Effect of potassium ion concentration on the self-cleavage reaction. (A) 
Polyacrylamide gel electrophoretic analysis of self-cleavage of DNA visualized by 
autoradiography. (B) Histogram of DNA self-cleavage yields at different K+ 
concentration. Cleavage reactions were carried out in the same way as the one loaded in 
lane 3 in Figure 2-2, except for that the concentration of potassium chloride was kept at 0 
mM (lane 1), 10 mM (lane 2), 20 mM (lane 3), 40 mM (lane 4), 60 mM (lane 5), 80 mM 
(lane 6), 100 mM (lane 7) instead. 
 
Potassium ion is, on the other hand, known to be one of the preferable monovalent 
cations for stabilizing G-quadruplex structures of DNA [19]. As a comparison, additional 
self-cleavage reactions of 4B1-T were carried out in our studies in which concentration of 
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potassium ion varied.  As shown in Figure 2-11, there was no DNA cleavage detectable 
when potassium ion is absent in the corresponding reaction mixture (Lane 2), and the 
yield of cleavage reaction will increase with the K+ concentration. This observation is 
consistent with the suggestion that formation of stable G-quadruplex is a prerequisite for 
the self-cleavage reaction of 4B1-T.  
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Figure 2-11.  Effect of potassium ion concentration on the self-cleavage reaction. (A) 
Polyacrylamide gel electrophoretic analysis of self-cleavage of DNA visualized by 
autoradiography. (B) Histogram of DNA self-cleavage yields at different K+ 
concentrations. The same procedures as those for preparing samples loaded in Lane 3 in 
Figure 2-2 were used except that concentration of potassium chloride in the new 
experiments varied. Lane 1: 4B1-T alone; Lane 2: 0 mM KCl; Lane 3: 2.5 mM KCl; Lane 





2.3.3 Effect of temperature dependence on the self-cleavage reaction 
In addition, to further confirm that the formation of certain G-quadruplex tertiary 
structure is indispensable to our designed self-cleavage reaction, temperature dependence 
of the self-cleavage reaction of 4B1-T was examined in this study. It appeared that the 
self-cleaving reactivity of this oligonucleotide was completely lost when temperature of 
the corresponding reaction increased to 45 oC (Lane 7 in Figure 2-12), which could be 
resulted from the dissociation of G-quadruplex tertiary structure at relatively high 
temperatures [8].   
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Figure 2-12. Effect of temperature dependence on the self-cleavage reactions. (A) 
Polyacrylamide gel electrophoretic analysis of self-cleavage of DNA visualized by 
autoradiography. (B) Histogram of DNA self-cleavage yields at different reaction 
temperature. The same procedures as those for preparing samples loaded in Lane 3 in 
Figure 2-2 were used except that the new reaction mixtures were incubated at different 
temperatures. Lane 1: 4B1-T alone. Reaction temperatures of the samples loaded in 
Lanes 2 to 8 were set at 15 C, 20 C, 25 C, 30 C, 35 C, 40 C and 45 C respectively. 
 
2.3.4 Effect of pH dependence on the cleavage reactions 
To confirm the functional role that histidine might serve in the catalytic process of self-
cleavage reaction, we examined the pH-dependent activity profile of the deoxyribozyme 
with the presence of histidine. As shown in Figure 2-13, the efficiency of the self-
cleavage reaction increases with the pH values of the corresponding buffer solutions from 
6.0 to 7.4, and the efficiency seems to become stable when the pH values vary above and 
below 7.4. But the efficiency appears to decrease from the maximum when the pH values 
are increased above 7.4.  
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Figure 2-13. Effect of pH dependency on the self-cleavage reaction. (A) Polyacrylamide 
gel electrophoretic analysis of self-cleavage of DNA visualized by autoradiography. (B) 
Histogram of DNA self-cleavage yields at different pH value.Reactions were carried out 
in the same way as the one loaded in lane 3 in Figure 2-2, except for that pH of the buffer 
solutions were 6.0 (lane 2), 6.2 (lane 3), 6.4 (lane 4), 6.6 (lane 5), 6.8 (lane 6), 7.0 (lane 
7), 7.2 (lane 8), 7.4 (lane 9), 7.6 (lane 10), 7.8 (lane 11) and 8.0 (lane 12) respectively; 
lane 1, sequence 1 alone. 
 
2.2.4 Proposed mechanism  
In this study, the proposed mechanism involves an SN2 nucleophilic attack by oxygen in 
the hydroxyl gourp of ionized water on a phosphorus center of a phosphodiester bond in 
the DNA to form a pentacoordinate phosphorane transitional state, which can then be 
hydrolyzed, resulting in cleavage of the DNA. A positively-charged nitrogen in the 
imidazole group of histidine facilitates the nucleophilic attack by interacting with one of 
the phosphate oxygens and functioning as general base to stabilize the formation of the 
transitional state. The imidazole then assists the reaction by functioning as a general acid 










In conclusion, it has been demonstrated in this chapter that the cleavage reaction of our 
designed deoxyribozyme is strictly dependent on the formation of guanine quartets as its 
structural core, and geometry of the side loop within the tetraplex columnar structure 
plays certain crucial roles in the site-specific self-DNA cleaving processes. In addition, it 
was observed that mutations within this conserved-sequence domain result in dramatic or 
even complete loss of catalytic function, because these mutations affect the desired G-
quadruplex conformation to be formed. 
 
Therefore,  with the  findings presented in this chapter, we hope that it will inspire further 
exploration for new chemical and biological properties of G-quadruplex that have not yet 
been recognized, which in turn leads to the discovery of self-cleaving activity of 
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DISCOVERY OF SITE SPECIFIC SELF-CLEAVAGE OF G-QUADRUPLEXES 
FORMED BY HUMAN TELEMETRIC REPEATS 
 
3.1 Introduction 
Human telomere consists of repetitive stretches of TTAGGG at the end of chromosomes 
of human cells that prevents the ends of chromosomal DNA strands from destruction 
during the course of replication [1, 2]. The average length of human telomere varies 
between 5 and 15 kilo-bases depending on the tissue type and several other factors [3]. At 
the very end of human telomeric DNA, however, there is a single-stranded 30 overhang 
of 75–300 nucleotides, which is essential for telomere maintenance and capping [4, 5]. In 
vitro studies in the past illustrated that these single-stranded human telomeric repeats 
could fold into G-quadruplex structure, [6–10] a four stranded assembly of DNA 
sustained by Hoogsteen hydrogen bonding between guanines as well as by other types of  
physical interactions [11–15]. It was demonstrated in the previous chapter [16] on the 
other hand, that certain G-quadruplex structures formed by artificially designed and non-
biologically relevant guanine- rich oligonucleotides could carry out self-cleaving actions. 
In order to examine whether self-cleaving activity of biologically relevant G-quadruplex 
structures could exist as well, certain oligonucleotides containing human telomeric 
repeats (TTAGGG) were examined in this chapter. Here we report that some G-
quadruplex structures formed by human telomeric repeats are capable of performing site-
specific self-cleaving actions under certain physiological-like conditions. 
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Figure 3-1 shows a schematic diagram of a DNA self-cleaving process of G-quadruplex 
formed by a DNA segment of human telomeric repeats. To facilitate the formation of a 
G-quadruplex assembly in a unimolecular fashion, a 25-mer oligonucleotide (5’ 
TTAGGGTTAGGGTTAGGGTTAGGGT 3’) containing four human telomeric repeats 
(TTAGGG) was designed at the initial stage of our investigations. Upon generation of 
tetraplex assemblies in the presence of potassium ions by this guanine rich 
oligonucleotide, a premixed solution of MgCl2 and histidine [16] was introduced to 
activate the DNA self-cleaving process. Unlike the non-biologically relevant 
oligonucleotides reported in Chapter 2, in which a cleavage site occurs within external 
loops, [16] the new self-cleavage reaction of telomeric repeats takes place at the end of 
the corresponding columnar structure of G-quadruplex (Figure 3-1). 
 
 
Figure 3-1. Schematic diagram of a newly uncovered self-cleaving process of G-




3.2 Results and Discussion 
3.2.1 Confirmation of the occurrence of the self-cleavage reaction in a site specific 
feature and hydrolytic pathway 
 
Table 3-1. Guanine-rich oligonucleotides that were examined for the self-cleavage 
reaction during this study. 
 
Nomenclature Sequences  Length 
Oligonucleotide 1 5’ TTAGGGTTAGGGTTAGGGTTAGGGT 3’ 25 mer 
Oligonucleotide 1-1 5’ TTAGGGTTAG-32p-GGTTAGGGTTAGGGT 3’ 25 mer 
Oligonucleotide 1-2 5’ TT-32p-AGGGTTAGGGTTAGGGTTAGGGT 3’ 25 mer 
Oligonucleotide 2 5’ 32p-GGTTAGGGTTAGGGT 3’ 15 mer 
Oligonucleotide 3 5’ TTAGGGTTAG 3’ 10 mer 
Oligonucleotide 4 5’ CCCTAACCCTAACCCT 3’ 16 mer 
Oligonucleotide 5 5’ 32p-AGGGTTAGGGTTAGGGTTAGGGT 3’ 23 mer 
Oligonucleotide 6 5’ AGTGATGCATT 3’ 11 mer 
Oligonucleotide 7 5’ CCTAACCCTTAATCCATCACT 3’ 20 mer 
Oligonucleotide 8 5’ AGTGATGCATT-32p-AGGGTTAGGGTTAGGGTTAGGGT 3’ 34 mer 
Oligonucleotide 9 5’ CCTAACCCTAATGCATCACT 3’ 20 mer 
Oligonucleotide 10 5’ TTAAGGTTAGGGTTAGGGTTAGGGT 3’ 25 mer 
Oligonucleotide 11 5’ TTAGGGTTAGAGTTAGGGTTAAGGT 3’ 25 mer 
Oligonucleotide 12 5’ TTAGGGTGGGTGGGTGGGT 3’ 19 mer 
Oligonucleotide 13 5’ TTAGGGTTGGGTTGGGTTGGGT 3’ 22 mer 
Oligonucleotide 14 5’ TTAGGGTTATGGGTTATGGGTTATGGGT 3’ 28 mer 
Oligonucleotide 15 5’ TTAGGGTTATTGGGTTATTGGGTTATTGGGT 3’ 31 mer 
Oligonucleotide 16 5’ GTTAGGGTTAGGGTTAGGGTTAGGGT 3’ 26 mer 
 
5’ 32P-labeled oligonucleotide 1 (see Figure 3-1 and Table 3-1 for its sequence) was 
accordingly prepared from its non-phosphorylated precursor in the presence of γ32P-ATP 
and T4 polynucleotide kinase during our investigations. Formation of G-quadruplex 
assembly by this telomeric repeats was accomplished through incubation of a mixture of 
80 mM KCl and 20 nM oligonucleotide 1 at room temperature for 2 h. Self-cleavage 
reaction of the G-quadruplex assembly formed by oligonucleotide 1 was further activated 
through addition of a premixed solution of MgCl2 and histidine to the oligonucleotide 1-
containing mixture. The final cleavage products were next analyzed through 
polyacrylamide gel electrophoresis and the resultant autoradiogram from these studies is 
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illustrated in Figure 3-2. As seen in lane 3, a fast moving band (Band 2) was generated 
when the self-cleavage reaction of oligonucleotide 1 was allowed to continue for 10 h, 
which moved as fast as a dimeric nucleotide (lane 4). These results indicate that the 
strand scission of oligonucleotide 1 probably occurs between T2 and A3 within the 




Figure 3-2. Polyacrylamide gel electrophoretic analysis of self-cleavage of 
oligonucleotide1 visualized through autoradiography. 5’ 32P-labeled oligonucleotide 1 
(20 nM) in 10 mM histidine (pH 7.2) and 80 mM KCl was incubated at 23 oC for 2 h to 
allow it to form G-quadruplex structure. Self-cleavage reactions of this telomericrepeats 
was activated next by mixing a solution of MgCl2 and L-histidine with therest of reaction 
components and the resultant mixture [10 mM histidine (pH 7.2),10 mMMgCl2, 80 mM 
KCl, and 5 nM oligonucleotide 1] was further kept at 27 oC for different time periods. 
Lane 1: 5’ 32P-labeled oligonucleotide 1 alone; lane 2 and lane 3: reactions lasting for 0 
and 10 h, respectively; lane 4 and lane 5: dimeric and trimeric molecular weight markers 





3.2.2 Verification of G-quadruplex nature of our deoxyribozymes for the self-
cleaving activity  
If a self-cleavage reaction of oligonucleotide 1 indeed takes place as shown in Figure 3-1, 
a second oligonucleotide fragment of 23-mer should be generated besides the observed 
dimer (lane 3 in Figure 3-3). With the aim of visualizing the second cleavage fragment, 
oligonucleotide 1 containing 32P between G10 and G11 (oligonucleotide 1–1, see Table 3-1 
for its sequence) was prepared in our lab. As shown in Figure 3-3, when oligonucleotide 
1–1 was incubated under our standard reaction conditions, a new band was generated 
which moved as fast as a 23-mer molecular weight marker (lane 5 in Figure 3-3). The 
above observations are consistent with the suggestion that the strand scission of 
oligonucleotide 1 occurs between T2 and A3 within oligonucleotide 1 (Figure 3-1). 
 
In order to determine which of the two cleaved fragments (23-mer and dimer) hold the 
corresponding phosphate group when the DNA self-cleaving process takes place, 
oligonucleotide 1 containing radiolabeled phosphorus (32P) between T2 and A3 (5’ TT-
32p-AGGGTTAGGGTTAGGGTTAGGGT 3’, oligonucleotide 1–2) was synthesized and 
examined in this study. As shown in Figure 3-4, only one new band was observable from 
the self-cleaving process of oligonucleotide 1–2, which corresponds to a 23-mer fragment 
(5’ *p-A3GGGTTAGGGTTAGGGTTAGGGT 3’) whereas no dimeric product (5’ TT 
3’) was generated. These results are the sign that the corresponding phosphate group is 
covalently linked to the 23-mer fragment rather than to the dimeric fragment of 5’ T1T2 
3’ after the self-cleavage reaction takes place as illustrated in Figure 3-1. In addition, it is 
worth to note that unlike the DNA self-cleavage reactions reported previously in Chapter 
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2, which strand scission occurs within one of the loops, [16] the self-cleavages in the 
newly discovered reactions take place in the non-loop regions (Figure 3-1). These 
observations could be taken as the indication that the structures of G-quadruplex could be 
more labile chemically than previously expected. 
 
 
Figure 3-3. Polyacrylamide gel electrophoretic analysis of self-cleaving reactions 
ofoligonucleotide 1–1 (5’ TTAGGGTTAG-32p-GGTTAGGGTTAGGGT 3’). A 5’ 32P-
phosphorylated15-mer, 5’ 32p-GGTTAGGGTTAGGGT 3’ (oligonucleotide 2), was 
firstly ligated with a 10-mer, 5’ TTAGGGTTAG 3’ (oligonucleotide 3), on the template 
of 5’-CCCTAACCCTAACCCT 3’ (oligonucleotide 4) in the presence of T4 DNA ligase 
to generate 5’ TTAGGGTTAG-32p-GTTAGGGTTAGGGT 3’ (oligonucleotide 1–1). 
The generated internally 32P-labeled oligonucleotide 1 was further purified through 
polyacrylamide gel electrophoresis (20%) and gel filtration chromatography (NAP-25, 
GE Healthcare). The same procedures as those for preparing samples loaded in lane 3 in 
Figure 3-2 was further carried out except that 5’ 32P-labeled oligonucleotide 1 was 
replaced with the internally 32P-labeled oligonucleotide 1–1. Lane 1:oligonucleotide 1–1 
alone; lane 2 and lane 3: self-cleavage reactions lasting for 0 and 10 h, respectively; lane 
4: a 24-mer (5’ *p-TAGGGTTAGGGTTAGGGTTAGGGT 3’)alone; lane 5: a 23-mer 
(5’ *p-AGGGTTAGGGTTAGGGTTAGGGT 3’) alone; lane 6: a 22-mer (5’ *p-
GGGTTAGGGTTAGGGTTAGGGT 3’) alone. 
 
With the aim of examining ‘‘mismatch” effect on the DNA selfcleaving process, 
additional two oligonucleotides were examined next during our investigations that hold 
the same sequence as oligonucleotide 1 except that one or two guanines are replaced with 
non-guanine nucleotides (oligonucleotide 10 and oligonucleotide 11 in Table 3-1). As 
shown in Figure 3-4, neither oligonucleotide 10 nor oligonucleotide 11 exhibited an 
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observable self-cleaving activity under our standard reaction conditions (lane 4 and lane 6 
in Figure 3-4). This happened most likely because oligonucleotide 10 and oligonucleotide 
11 might not be able to assemble themselves into proper G-quadruplex structures needed 
for DNA self-cleaving activity owing to the existence of mismatched guanine nucleotides 
within their sequences. 
 
 
Figure 3-4. Polyacrylamide gel electrophoretic analysis of oligonucleotides containing 
mismatched bases. The same procedures as those for preparing samples loaded in lane 3 
in Figure 3-2 were used except that oligonucleotide 1 was replaced with different 
oligonucleotides. lane 1 and lane 2: reactions of oligonucleotide 1 lasting for 0 and 10 h, 
respectively; lane 3 and lane 4: reactions of oligonucleotide 10 (5’ 
TTAAGGTTAGGGTTAGGGTTAGGGT 3’) lasting for 0 and 10 h respectively; lane 5 
and lane 6: reactions of oligonucleotide 11 (5’ TTAGGGTTAGAGTTAGGGTTAAGGT 
3’) lasting for 0 and 10 h, respectively. 
 
In addition, CD spectroscopic analysis of oligonucleotide 1, oligonucleotide 10 and 
oligonucleotide 11 were carried out under our standard incubation condition. As shown in 
Figure 3-5, oligonucleotide 1-containing solution displayed a maximum absorption at 290 
nm along with a shoulder around 270 nm, which is the sign of the formation of the G-
quadruplex structures that possess propeller loops [17-19]. Different from the CD 
spectrum of oligonucleotide 1 (Figure 3-5 a), on the other hand, a positive peak around 
290 nm with no shoulder around 270 nm was observed from oligonucleotide 10, which is 
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the indication that a chair type anti-parallel structure is formed by this oligonucleotide 
[20, 21]. In addition, a two mismatched bases-containing oligonucleotide 
(oligonucleotide 11) was examined in our studies, which gave a positive peak around 250 
nm in its CD spectrum, which is consistent with the suggestion that there was no G-
quadruplex structure formed in the corresponding solution [21, 22]. These CD 
spectroscopic data shown in Figure 3-5 suggest that formation of proper G-quadruplex 




Figure 3-5. CD spectroscopic analysis of oligonucleotide 1 (a), oligonucleotide 10 (b) 
and oligonucleotide 11 (c) (for sequence information of these three oligonucleotides, 
please see Table 1). Mixtures (pH 7.0) containing 5 mM HEPS, 80 mM KCl and 10 µM 
oligonucleotides were prepared and their CD spectroscopic data were recorded at 27 °C 





3.2.3 Effect of certain factors on the G-quadruplex based self-cleavage reaction 
3.2.3.1 Alkali metal ion concentration dependence on the formation of G-
quadruplex structure 
It is known that potassium ion is one of the preferable monovalent cations needed for 
stabilizing G-quadruplex structures of DNA [11, 23]. Additional self-cleavage reactions 
of Oligonucleotide 1 were accordingly carried out next in our studies in which 
concentration of potassium ion varied from 0 to 160 mM. As shown in Figure 3-6, there 
was no DNA cleavage detectable when potassium ion is absent in the corresponding 
reaction mixture (lane 1) while the maximum reaction yield was observed when K+ 
concentration was set at 80 mM. These observations indicate that formation of G-
quadruplex is a prerequisite for the self-cleavage reaction of Oligonucleotide 1 and the 




Figure 3-6. Effect of potassium ion concentration on the self-cleavage reaction of 
oligonucleotide 1. The same procedures as those for preparing samples loaded in Lane 3 
in Figure 3-2 were carried out except that the concentration of potassium chloride varied 
in the new experiments. Lane 1: 0 mM KCl; Lane 2: 40 mM KCl; Lane 3: 80 mM KCl; 





3.2.3.2 Effect of temperature dependence on the cleavage reaction  
Temperature dependence of the self-cleavage reactions of oligonucleotide 1 was 
examined in this study. As it happens to many other enzymatic reactions, the rates of the 
self-cleavage reaction of oligonucleotide 1 decreased when reaction temperature 
decreased (lane 2 in Figure 3-7). In addition, when temperature of the corresponding 
reactions increased from 27 to 48 oC, the self-cleaving reactivity of this oligonucleotide 
decreased significantly (lane 4 to lane 6 in Figure 3-7), which could be resulted from the 
dissociation of G-quadruplex structure at relatively high temperatures. 
 
 
Figure 3-7. Temperature dependence of self-cleavage reactions of oligonucleotide 1. 
The same procedures as those for preparing samples loaded in Lane 3 in Figure 3-2 were 
used except that the new reaction mixtures were incubated at different temperatures. Lane 
1: a 23 mer molecular weight marker (5’ *p-AGGGTTAGGGTTAGGGTTAGGGT 3’). 
Reaction temperatures of the samples loaded in Lanes 2 to 8 were set at 20 °C, 27 °C, 
34 °C, 41 °C and 48 °C respectively. 
 
3.2.3.3  Effect of magnesium ion and histidine on the cleavage reaction 
Similar to the DNA self-cleaving processes reported previously [16], magnesium ion and 
histidine are required as cofactors for the newly discovered self-cleaving reactions of 
Oligonucleotide 1. As shown in Figures 3-8 and 3-9, no self-cleavage product was 
detectable in the absence of either histidine (lane 1 in Figure 3-8) or magnesium ion (lane 
1 in Figure 3-9) while the optimal yield of self-cleavage of Oligonucleotide 1 was 
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observed when concentrations of magnesium and histidine were both set at 10 mM (lane 
3 in Figure 3-8). In addition, when Mg2+ was replaced with Ca2+, Sr2+, Ba2+ and Ni2+ 
(lane 2 to lane 5 in Figure 3-9), there was no self-cleavage products generated. The above 
observations are the indication that the co-existences of Mg2+ and histidine are essential 
for the self-cleaving reactions of oligonucleotide 1. Moreover, it was reported in literature 
[24] that magnesium diethylenetriamine complex could bind to phosphate group of DNA 
and further lead to the hydrolysis of the corresponding phosphordiester bonds. It is our 
expectation that the complex of Mg2+ and histidine could act in the same way as Mg2+-
diethylenetriamine complex does in the DNA self-cleavage processes of oligonucleotide 
1 (Figure 3-8). 
 
 
Figure 3-8. Effect of L-histidine on the self-cleavage reaction of oligonucleotide 1. 
Lane 1: the same procedures as those for preparing samples loaded in Lane 3 in Figure 3-
2 were further carried out except for the absence of L-histidine; Lane 2: the same 





Figure 3-9. Effect of metal ions on the self-cleavage reaction of oligonucleotide 1. 
Reactions were carried out in the same way as those loaded in lane 3 in Figure 3-2 except 
for replacing MgCl2 with 10 mM of different metal ions. Lane 1: 10 mM MgCl2; Lane 2: 
10 mM CaCl2; Lane 3: 10 mM SrCl2; Lane 4: 10 mM BaCl2 and Lane 5: 10 mM NiCl. 
 
3.2.3.4. Effect of loop lengths 
Loop lengths of G-quadruplex are known to affect the stability of this tetraplex entity 
considerably [22]. Effect of loop size on the self-cleaving reaction of G-quadruplex was 
accordingly examined next in our studies. As show in Figure 3-10, self-cleavage products 
were observed when two or three nucleotides (oligonucleotide 13 and oligonucleotide 1) 
were present in the loops of the corresponding G-quadruplex structures while no cleavage 
product was found when one, four or five nucleotides (oligonucleotide 12, 
oligonucleotide 14 and oligonucleotide 15, for their sequence information, see Table 3-1) 
were present between each guanine tracts. These observations suggest that formation of 
proper G-quadruplex is the prerequisite for the DNA self-cleaving reactions. In addition, 
in order to examine whether addition of a nucleotide to 5’ end of oligonucleotide 1 could 
affect the corresponding self-cleaving reaction, a new 26-mer oligonucleotide 
(5’GTTAGGGTTAGGGTTAGGGTTAGGGT 3’, oligonucleotide 16) was subsequently 
examined. As shown in Figure 3-11, this new oligonucleotide displayed similar self-
cleaving activity (lane 4 in Figure 3-11) to that oligonucleotide 1 (lane 2 in Figure 3-11), 
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which is the sign that addition of a nucleotide at 5’ end of oligonucleotide 1 has little 
effect on the DNA self-cleaving reaction. 
 
 
Figure 3-10. Effect of loop size on the self-cleavage reaction of some G-rich sequences. 
Reactions were carried out in the same way as the one loaded in lane 3 in Figure 3-2 
except for replacing oligonucleotide 1 with different oligonucleotides. Lane 1: 
oligonucleotide 12, Lane 2: oligonucleotide 13, Lane 3: oligonucleotide 1, Lane 4: 
oligonucleotide 14, Lane 5: oligonucleotide 15 (for sequence information of these 




Figure 3-11. Effect of 5’ extension of oligonucleotide 1 on the self-cleavage reaction. 
The same procedures as those for preparing samples loaded in Lane 3 in Figure 3-2 were 
used except that oligonucleotide 1 was replaced with oligonucleotide 16 (see Table 3-1). 
Lane 1: oligonucleotide 1 alone; Lane 2: The same procedures as those for preparing 
samples loaded in Lane 3 in Figure 3; Lane 3: oligonucleotide 16 alone; Lane 4: The 
same procedures as those for preparing samples loaded in Lane 3 in Figure 3-2 were used 




3.2.4 Proposed mechanism  
In this study, the proposed mechanism is as shown in Figure 3-12. 
 
 




In conclusion, it is demonstrated in this chapter that a certain G-quadruplex structure 
formed by telomeric repeats could perform self-cleavage actions in a site specific fashion. 
Different from those non-biologically relevant sequences as reported previously in 
chapter 2 [16], cleaving site of the G-quadruplex assembly formed by telomeric repeats 
occurs on the top of the corresponding columnar structure. It is our expectation that our 
new results could motivate further exploration for new unrecognized property of G-
quadruplexes. In addition, it is also our hope that the observations presented in this study 
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DISCOVERY OF SITE SPECIFIC SELF-CLEAVAGE OF G-QUADRUPLEXES 
FORMED BY OXYTRICHA TELEMETRIC REPEATS 
 
4.1 Introduction 
To determine whether other biologically relevant G-quadruplex structures could exhibit 
cleaving activity, some oligonucleotides containing Oxytricha telomeric repeats 
(TTTTGGGG) were examined. In this study, we report that certain G-quadruplex 
assemblies can undergo site-specific cleavage. 
 
 
Figure 4-1. Schematic representation of a cleaving process of G-quadruplex formed 




A schematic representation of a DNA cleaving process of G-quadruplex formed by 
Oxytricha telomeric repeats discovered in our recent studies is shown in Figure 4-1. A 
30-mer oligonucleotide (5’ TGGGGTTTTGGGGTTTTGGGGTTTTGGGGT 3’, 
Oligonucleotide 1), as shown in Table 4-1, was designed for this study. 
 
Table 4-1. Guanine-rich oligonucleotides that were examined for the self-cleavage 
reaction during this study. 
 
Nomenclature Sequence Length 
Oligonucleotide 1 5’ TGGGGTTTTGGGGTTTTGGGGTTTTGGGGT 3’ 30 mer 
Oligonucleotide 1-1 5’ TGGGGTTT-32p-TGGGGTTTTGGGGTTTTGGGGT 3’ 25 mer 
Oligonucleotide 2 5’ TGGGGTTTTGGGGTTTTGGGGT 3’ 22 mer 
Oligonucleotide 3 5’ TGGGGTTT 3’ 8 mer 
Oligonucleotide 4 5’ AAACCAAAACCCCA 3’ 16 mer 
Oligonucleotide 5 5’ TGGGGTTTTTTTGTTTTGGGGTTTTGGGGT 3’ 30 mer 
Oligonucleotide 6 5’ TGTGTTGTGGTGGTTGTGTTGGTGGTGGTG 3’ 30 mer 
 
4.2 Results and Discussion 
4.2.1 Confirmation of the occurrence of the self-cleavage reaction in a site specific 
feature and hydrolytic pathway 
A 30-mer oligonucleotide (5’ TGGGGTTTTGGGGTTTTGGGGTTTTGGGGT 3’, 
Oligonucleotide 1), as shown in Table 4-1, was designed for this study. This 
oligonucleotidewas labelled with radiolabelled phosphorus (32P) at its 5’ end and further 
allowed to form a G-quadruplex structure in the presence of potassium ions. A premixed 
solution of MgSO4 and histidine was then introduced to activate the G-quadruplex 
cleaving process. As seen in Lane 3 in Figure 4-1, a fast moving band (Band 1) was 
generated when the backbone cleavage reaction of Oligonucleotide 1 was allowed to 
continue for 12 h, which moved as fast as an 8-mer oligonucleotide 5’ TGGGGTTT, 
Lane 6. This observation suggested that the strand scission reaction likely occurred 
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between T8 and T9 within the sequence of Oligonucleotide 1 (Figure 4-1). Besides Band 1 
as the major cleavage product in the reaction (Lane 3 in Figure 4-2), two faint bands 
(Lane 3 in Figure 4-2) were visible, possessing similar mobility shifts to those of 
molecular markers 14-mer and 25-mer (Lane 4 and Lane 5). This observation indicates 
that detectable amounts of cleavage reactions took place between nucleotideT14 andT15 as 
well as betweenT24 andT25. 
 
 
Figure 4-2. Polyacrylamide gel electrophoresis analysis of cleavage of 
Oligonucleotide 1. Lane 1: 5_ 32P-labelled oligonucleotide 1 alone; Lane 2 and Lane 3: 
reactions of Oligonucleotide 1 lasting for 0 and 12 h respectively; Lane 4: a 25-mer (5’ 
*p-TGGGGTTTTGGGGTTTTGGGGTTT 3’) alone; Lane 5: a 14-mer (5’ *p-





4.2.2 Verification of G-quadruplex nature of our deoxyribozymes for the self-
cleaving activity 
In order to determine which of the two phosphorester bonds between T8 and T9 was 
broken, the Oligonucleotide 1 containing 32P between T8 and T9 (5’ TGGGGTTT-32p-
TGGGGTTTTGGGGTTTTGGGGT 3’, Oligonucleotide 1–1) was synthesized and 
examined during our investigations. If a cleavage reaction took place near the 3’ end of 
T8, the 32P labelled phosphate would go along with the fragment of 22-mer (5’ *p-
TGGGGTTTTGGGGTTTTGGGGT 3’). If the phosphoester bond near the 5’ end of T9 
was the cleavage site, the 32P would be associated with the corresponding 8-mer fragment 
(5’ TGGGGTTT-32p 3’) in the end. As shown in Figure 4-2, a major fast moving band 
was observed from the strand cleaving process of  Oligonucleotide 1–1, with a mobility 
shift equal to that of a 22-mer marker (5’ *p-TGGGGTTTTGGGGTTTTGGGGT 3’, 
Lane 5). These results indicate that the cleavage reaction took place at the phosphorus-
oxygen bond near the 3’ end of the T8 region in Oligonucleotide 1–1. 
 
It is known that the relative orientations of the component DNA strands in G-
quadruplexes affect the characteristics of CD spectra of the corresponding tetraplex 
assemblies significantly [1,2]. In order to acquire structural information on 
Oligonucleotide 1, CD spectroscopic analysis was carried out on this oligonucleotide. As 
shown in Figure 4-3, in the presence of 240mM KCl at 27 oC, oligonucleotide 1 
displayed a maximum absorption at 260 nm along with a shoulder peak around 290 nm, 
which is a characteristic of the existence of propeller loops within the G-quadruplex 
structure [1,2]. When the temperature of Oligonucleotide 1 increased to 90 oC, the 
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absorption at 260 nm decreased along with the disappearance of the shoulder peak at 290 
nm. These changes within the CD spectrum could have resulted from dissociation of the 
propeller unimolecular G-quadruplex and the subsequent formation of an all parallel 
stranded G-quadruplex by four molecules of Oligonucleotide 1 under the high potassium 
ion concentration (240 mM). In addition, the obtained melting point of Oligonucleotide 1 
in our studies was 81 oC, which indicates that the G-quadruplex form of Oligonucleotide 
1 is a relatively stable structure under our incubation conditions. 
 
 
Figure 4-3. CD spectroscopic analysis of Oligonucleotide 1.A mixture (pH 7.0) 
containing 5mMHEPS, 240mMKCl, and 10µMOligonucleotideswas prepared and its CD 
spectroscopic data were recorded at 27 oC (blue) and 90 oC (pink) respectively over an 
range of wavelengths from 220 nm to 320 nm. 
 
One of the structural characteristics of G-quadruplex is its polymorphism [3, 4]. In order 
to determine whether two or more forms of the G-quadruplex of Oligonucleotide 1 could 
possibly exist under our incubation conditions, non-denaturing gel electrophoretic 
analysis [3, 4] was carried out. As shown in Figure 4-4, the Oligonucleotide 6 (a single-
stranded DNA containing the same composition as Oligonucleotide 1 that incorporates a 
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different nucleotide sequence as a molecule weight marker) displayed a single band 
(Lane 2), while three bands were observed when Oligonucleotide 1 was analyzed without 
pre-incubation with potassium ions (Lane 3). The slow moving band generated by 
Oligonucleotide 1 (Band 3 in Lane 3) presumably was due to the unstructured 
Oligonucleotide 1, while the two additional fast moving bands in Lane 3 (Band 1 and 
Band 2) could be due to the G-quadruplex structures formed after Oligonucleotide 1 was 
loaded into the sample wells of the polyacrylamide gel, because the running buffer of 
electrophoresis contained high concentrations of potassium ions. When Oligonucleotide 1 
was subsequently incubated and analyzed with 240 mM of potassium ions only two fast-
moving bands with different intensities were observed (Band 1 and Band 2 in Lane 1). 
These results suggest that two structural types of G-quadruplex exist under our incubation 
and reaction conditions. The possible structures of these two G-quadruplex are shown in 
Figure 4-5. 
 
Figure 4-4. Confirmation of formation of G-quadruplex on the basis of non-denaturing 
gel electrophoresis. The oligonucleotide samples were analyzed using 20 % 
polyacryamide non-denaturing gel electrophoresis which was run at 4 oC for 8 h at 15 W. 
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Sybr Gold was used to stain the oligonucleotides after gel electrophoresis. Lane 1: 1µM 
of Oligonucleotide 1 pre-incubated with 240 mM KCl; Lane 2: Oligonucleotide 6 
(TGTGTTGTGGTGGTTGTGTTGGTGGTGGTG) alone; Lane 3: Oligonucleotide 1 
(without preincubation with KCl) alone. 
 
 
Figure 4-5. The proposed two G-quadruplex structures possibly formed under our 
reaction conditions. 
 
4.2.3 Effect of certain factors on the G-quadruplex based self-cleavage reaction 
4.2.3.1  Alkali metal ion concentration dependence on the formation of G-
quadruplex structure 
To determine the effect of the potassium ion concentration on the DNA cleavage process, 
reactions were carried out in which the potassium ion concentration varied from 0mM to 
320 mM. As shown in Figure 4-6, there was no DNA cleavage activity detectable in the 
absence of potassium ions (Lane 1), while a maximum reaction yield was obtained when 





Figure 4-6. Effect of potassium ion concentration on the cleavage reaction of 
Oligonucleotide 1. The procedure used is as described for preparing the samples in Lane 
3 in Figure 4-1, except that the concentration of potassium chloride varied from 0 mM to 
320 mM. Lane 1: 0 mM KCl; Lane 2: 80 mM KCl; Lane 3: 160 mM KCl; Lane 4: 240 
mM KCl; Lane 5: 320 mM KCl. 
 
4.2.3.2  Effect of temperature dependence on the self-cleavage reaction 
In addition, we examined the temperature dependence of the cleavage reactions of 
Oligonucleotide 1.As shown in Figure 4-7, the rate of the DNA cleavage reaction of 
Oligonucleotide 1 decreased when the reaction temperature decreased from 27◦C to 21◦C 
(Lane 2 and Lane 3 in Figure 4-7). Furthermore, when the temperature of the 
corresponding reaction was increased from 27 oC to 48 oC, the DNA cleaving reactivity 
of this oligonucleotide decreased dramatically (Lane 5 to Lane 6 in Figure 4-7), possibly 





Figure 4-7. Temperature dependence of backbone cleavage reactions of 
Oligonucleotide 1. The procedure used is as described for preparing the samples loaded 
in Lane 3 in Figure 4-1, except that the new reaction mixtures were incubated at different 
temperatures. Lane 1: Oligonucleotide 1 alone. The reaction temperatures of the samples 
in Lanes 2 to 6 were 21 oC, 27 oC, 34 oC, 41 oC, and 48 oC respectively. 
 
4.2.3.3  Effect of time dependence on the self-cleavage reaction 
The time dependence of the DNA cleavage process was also examined in this study. As 
shown in Figure 4-8, the yield of the DNA cleavage reactions increased with time, 





Figure 4-8. Time dependence of backbone cleavage reactions of Oligonucleotide 1. 
The procedure used is as described for preparing the samples in Lane 3 in Figure 4-1, 
except that the reactions were stopped at different time intervals. Lane 1: Oligonucleotide 
1 alone; the time of reactions in Lanes 2, 3, 4, and 5 were set for 0, 4, 8, and 12 h 
respectively. 
 
4.2.4 Proposed mechanism  
A proposed mechanism of this Mg2+-histidine complex-assisted DNA cleavage is given 
in Figure 4-8. It is our assumption that a six-coordinated complex of Mg2+, histidine, 
phosphate, and H2O is formed in the first instance, followed by nucleophilic attack of 
H2O molecules to the phosphorus atom, thus leading to the P-O band cleavage of the 




Figure 4-9. A proposed mechanism of self-cleavage reaction for oligonucleotide I. 
 
4.3 Conclusion 
In conclusion, it is demonstrated that certain G-quadruplex structures formed by 
Oxytricha telomeric repeats could perform cleavage actions in a site-specific fashion 
[5,6]. Unlike the previously reported G-quadruplexes formed by human telomere repeats, 
in which the strand scission tends to occur near their 5’ ends, the cleavage sites of the G-
quadruplex formed by Oxytricha telomeric repeats occurred in its loop regions. These 
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CHAPTER 5  




All oligodeoxyribonucleotides used in these studies were purchased from Sigma-Proligo 
and 1st Base Pte. Ltd.  
 
Oligonucleotides are usually supplied as a lyophilized power that could be resuspended in 
water and diluted to suitable concentration for reactions. All oligonucleotides samples 
should be stored at - 20°C. 
 
Product(s) Manufacturer, Location 
T4 polynucieotide kinase New England Biolabs 
T4 DNA ligase New England Biolabs 
T7 exonuclease New England Biolabs 
HCl, KCl, MgCl2, NaCl, NaOH Sigma 
Methylene blue Sigma 
γ-32P ATP  Amersham 
PhosphorImager (Typhoon 8600) Amersham 
Gel Documentation System Syngene, Cambridge, UK 
pH meter VWR, Singapore 
X-ray films Fuji, Singapore 
X-ray development solution  Kodak, Singapore 
Eppendorf tubes, pipettes tips Greiner, Singapore 
NAP-25 GE, Healthcare 
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Common synthetic oligonucleotides are provided with 5’ end hydroxyl group which is 
suitable for 5’ end labeling reactions. Oligonucleotides used for concentration controlled 
circulization reactions in our studies are purchased with 5’ end phosphorylated. 
 
5.1.2 Enzymes, chemicals and equipments 
5.1.3 Buffers and solutions 
All solutions were prepared using deionized water (Milipore MW-Q Water System, using 
osmotically purified H2O as source water) and highest purity reagents available. 
Buffers/Solutions Description 
Denaturing loading buffer 7-8 M urea, or 98% formamide; 
0.15% Xylene Cyanol; 0.15 % 
Bromophenol Blue; 18mM EDTA 
1X T4 Polynucleotide Kinase Reaction Buffer [1] 70 mM Tris-HCl; 10 mM MgCl2; 
5 mM Dithiothreitol; pH 7.6, 25°C 
1X T4 DNA Ligase Reaction Buffer 50 mM Tris-HCl;10 mM MgCl2; 
1 mM ATP; 10 mM Dithiothreitol; 
pH 7.5, 25°C 
1X T7 Exonuclease Reaction Buffer  20 mM Tris-acetate, 
50 mM Potassium Acetate; 
10 mM Magnesium Acetate; 
1 mM Dithiothreitol; pH 7.9, 25°C 
 
5.2 Methods 
5.2.1 Radioactive labeling DNA at the 5'-end with 32P 
The T4 polynucleotide kinase (T4 PNK) from E. coli phage T4 was used to either transfer 
the radioactive terminal phosphate group of γ32P-ATP or the non-radioactive γ−phosphate 
of ATP to the free 5’-OH group of nucleic acids [2]. The reaction mixture was prepared 
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by adding the components in the order as they are listed below and incubated at 37°C for 
1 to 2 hrs. 
 
Total volume: 20 µl 
Description  Volume added Final concentration 
10 x T4 PNK buffer (forward reaction)                 2 µl 1x 
Deionized water 10 µl  
DNA purified by denaturing PAGE 2 µl of 100 µM 10 µM 
γ 32P ATP (3000 Ci/mmol, 10 µCi/µl, 3.3 µM)     2 µl        0.66 µM 
100 U / µl T4 PNK                                                   2 µl                          10 U/µl 
 
After incubation, 5 µl of loading buffer was added and the labelled DNA was purified by 
denaturing PAGE, eluted by diffusion and concentrated by NAP 25 columns. The 
purified DNA was dissolved in 100 µl of DNase-free water and the overall yield of 
labelled DNA determined by measuring with a Geiger counter. 
 
5.2.2 Polyacrylamide gel electrophoresis (PAGE) 
Polyacrylamide gels are generated by crosslinking polymers of acrylamide with the co-
monomer bisacrylamide. The covalent crosslinking reaction is catalyzed by TEMED, a 
tertiary amide, and initiated by ammonium persulfate (APS). Varying the concentration 
of acrylamide and bis-acrylamide can generate a wide range of pore sizes. Therefore, in a 
gel, larger molecules show a decreased electrophoretic mobility compared to smaller 
molecules with the same charge density. Generally, optimal electrophoresis conditions 
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are often determined empirically for each situation, taking into consideration fragment 
length, required resolution and available time. 
 
Preparations of denaturing and nondenaturing gels are similar. An example of the 
preparation of the gel solutions are as follows [2]: 
 
Acrylamide stock solution (20% (19:1), 7M Urea)  
Acrylamide        190 g 
N,N’-methylenebisacrylamide    10 g 
10 X TBE buffer      100 mL 
Urea        420 g 
H2O        Top up to 1 L 
 
5.2.3 NAP gel filtration 
NAP columns sold by Pharmacia are filled with Sephadex G 25 or G 50, a gel filtration 
matrix. They are used to remove salts and mononucleotides from nucleic acid solutions. 
By this method up to 97 % RNA / DNA can be recovered while more than 90 % of the 
low molecular weight impurities are removed. 
 
To purify the radio-labeled probes, the common used column is NAP-25 columns from 
GE Healthcare. The columns are pre-packed with Sephadex G-25 DNA Grade in distilled 
water (which contains 0.15% Kathon CG/ICP Biocide, used as a preservative) and can be 
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stored at room temperature. They come in different sizes for purifying different volumes 
of samples: 0.5 ml (NAP-5), 1 ml (NAP-10), and 2.5 ml (NAP-25). 
 
NAP columns are designed for the rapid and efficient desalting, buffer exchange and 
purification of DNA and oligonucleotides (equal or greater than 10 mers) utilizing gravity 
flow. The gel bed dimensions are 1.5 x 4.9 cm, the maximum sample volume is 2.5 ml, 
and the volume of eluted sample is 3.5 ml. The columns must be equilibrated with 25 ml 
10 mM sodium phosphate buffer (pH 6.8), Once equilibrated, the probe is added in 2.5 
ml and additional 3.5 ml of equilibration buffer is then added and 1.5 ml fractions are 
collected and dried in SpinVac. 
 
5.2.4 Autoradiography 
32P radiolabelled DNA was detected with the help of a phosphorimaging analyser. The 
gel was wrapped with plastic foil and an image plate was exposed to it. The image plate 
was then scanned with the help of a phosphoimager. The obtained image was analysed 
and quantified using the program Imagequant. 
 
5.2.5 Methylene blue staining 
Methylene blue is a dye that binds to DNA via electrostatic interactions [2]. And it has 
been used for quantitative or qualitative examination of DNA. Run the gel as described in 
section 6.2.2 and then place in a 0.002% methylene blue (w/v, Sigma M-4159) solution in 




5.2.6 Self-cleavage assays of deoxyribozymes 
To assess the DNA cleavage activity of self-cleaving molecules, radiolabeled precursor 
5’-32P-labeled DNA was isolated by denaturing PAGE and recovered from the gel matrix 
by soaking in 10mM Tris·HCl (pH 7.5). The recovered DNA was concentrated NAP 25 
columns and resuspended in deionized water. Self-cleavage assays using trace amounts of 
radiolabeled precursor DNA (~10-100 nM) was next incubated at 20 0C in the presence 
of 5 mM NaCl for 12 hours followed by addition of KCl (final concentration 5 mM), 
which was then kept at the same temperature for additional 12 hours. The self-cleavage 
reactions of radiolabeled precursor DNA were initiated next by adding MgCl2 to the 
mixture, which was further kept at 34 oC for a different period of time. Cleavage products 
were separated by denaturing PAGE and imaged by autoradiography or by 
phosphorImager (Molecular Dynamics), and product yields were determined by 
quantitation (IMAGEQUANT) of the corresponding precursor and product bands. 
 
5.2.7 pH dependency of the self-cleavage reaction 
Individual 5’-32P labeled DNAs (4B1-T) were dissolved in incubation buffers with pH 
values ranging from 6 to 8 prior to the cleavage step. After incubation for 48hrs, 10 mM 
MgCl2 (final concentration) was added to initiate the cleavage reaction. Aliquots were 
removed at various times, and the cleavage reactions were analyzed a 20% denaturing 






5.2.8 Alkali-ion dependency of the self-cleavage reaction 
The metal ion specificity was determined by monitoring the ability of the DNA enzyme 
to undergo self-cleavage at pH 7.4 by changing different ions or concentration, as 
demonstrated by the presence of cleavage product on a 20% denaturing PAGE gel.  
 
5.2.9 Magnesium dependence of the self-cleavage reaction 
Individual 5’-32P labeled DNAs (4B1-T) were dissolved in cleavage buffer with MgCl2 
concentrations ranging from 1 nM to 10 mM. Aliquots were removed at various times, 
the cleavage reactions were analyzed a 20% denaturing PAGE gel. 
 
5.2.10 Hydrolysis of circular DNA with T7 exdonucleases 
T7 Exonuclease acts in the 5' to 3' direction, catalyzing the removal of 5' 
mononucleotides from duplex DNA. T7 Exonuclease is able to initiate nucleotide 
removal from the 5' termini or at gaps and nicks of double-stranded DNA. It will degrade 
both 5' phosphorylated or 5' dephosphorylated DNA. Circular oligodeoxyribonucleotides 
are known to resist the degradation by this enzyme due to the absence of open termini 
within their structures. In order to confirm the circular nature of its phosphate–sugar 
backbones, the newly formed product from our ligation reaction was purified via 
denaturing PAGE and then hydrolyzed by this exonuclease. A reaction mixture 
containing 1× T7 exonuclease reaction buffer (10 mM Tris (pH 8.1), 20mM NaCl, 5mM 
MgCl2, 5mM 2-mercaptoethanol, 10 U of T7 exonuclease and the identified circular 
product or linear precusor in a total volume of 20 µl was subsequently prepared and 
incubated at 37°C for 30 min. This reaction product was next analyzed through PAGE. 
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5.2.11 CD measurement 
The samples were dissolved in 10 mM Tris-HCl buffer solution, various concentrations 
of metal ions and allowed to equilibrate overnight. CD spectra were recorded on a Jasco 
J-810 spectropolarimeter in a 1mm pathlengh cuvette. The wavelength scans were done 
at room temperature with a scan rate of 100nm/min. For thermal denaturation 
experiments, the temperature was changed from 20 °C to 90 °C at a rate of 2 °C/min and 
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